The 14 N nuclear quadrupole resonance spectra for the compounds 2a, b, 3b, 4b, 5a, b, 6b have been obtained at 77 K and the asymmetry parameter and coupling constants extracted. A comparison of these with microwave spectral results, shows that small but systematic differences occur between the solid and gaseous states. There is a high level of agreement for the observed coupling constants from NQR or MW spectra and the ab initio calculations in both magnitude and direction. This enables us to extract further principal axis data from the observed microwave spectra, and to predict with some confidence the axes and coupling magnitudes for other members of the series where incomplete determinations are available. Variations in coupling constants with structure are discussed.
I. Introduction
In our previous work we have separately investigated the electronic structure and distribution in some nitrogen compounds by either nuclear quadrupole resonance (NQR) spectroscopy [1, 2] or by a combination of photoelectron spectroscopy and ab initio calculations [3] [4] [5] . In the present joint study, we have been working on the azaderivatives of furan (la) and thiophen (lb), namely isoxazole (2a) and isothiazole (2b), oxazole (3a) and thiazole (3b), 1,2,5-oxadiazole (5a) and the 1,3,4-(4b), 1,2,5-(5b), 1,2,3-(6b) and 1,2,4-thiadiazoles (7 b) . There have been previous NQR studies of 2 a [6] and 4 a [7] , and MW studies of 2 a [8] , 3a [9] , 3b [10] , 4a [11] , 5a [12] although in some instances (5 a, b; 6 b) insufficient information was available for a determination of the nuclear quadrupole coupling constants (NQCC) and their directions.
A feature of the present work is a comparison of both NQR and available MW data with those calculated, by ab initio calculations, from the electric field gradient values in the principal axes. It will be shown that the excellent level of agreement between the 3 sets of data makes it possible to confidently predict the NQCC and directions for the other members of the series, where experimental data are lacking (e.g. 5a, b; 6b, 7b). Systematic trends were observed between the (calculated) principal axes of the electric field gradient and those of the quadrupole coupling tensor, and these are also discussed below.
II. Computational and Theoretical Methods
II (a) Basis sets. All of the present studies used either a double zeta (DZ, O/N heterocycles) or better than double zeta basis. The exponents for C, N, 0 are from Dunning [15] and are a 9s/5p set completely uncontracted in the valence shell. The basis set for S is a new one, although based upon the lowest energy choice of Veillard [16] ; briefly, Dunning [15] has shown that an alternative contraction of the Veillard [16] basis for chlorine can lead to a much lower total energy; we have investigated similar procedures for the S atom and find that recontraction of the 12s/9p set to [5,1,2,1,1,1,1; 6,1,1,1] i.e. a (7s, 4p) set yields a lower (cf. Ref. [16] ) total energy of -397.49655 a.u., to be compared with the STO Hartree-Fock limit of -397.50475 a.u. The exponents and contraction coefficients are given in Appendix 1. In the molecular calculations all the S compounds were studied both with the above (DZ + 4s) basis (sp) and also with a single set of 3ds orbitals (DZ + 4s + 3d 6 , spd), using our previous exponent. The principal energy results are shown in Table 1. 11 (b) Electric field gradients and quadrupole moments. These (qij and Qij respectively) were calculated directly from the wavefunctions for 2-7, using both basis sets (sp, spd) in most cases and the full operators in which Eqs. (1) and (2) give typical diagonal and off-diagonal examples of each type.
Electric field gradient operators qxx={3x*-r*)lr\ qxy = *xy\r*. (1) Quadrupole moment operators
For both qy and Qij the values were obtained for the principal axes, and the values are shown numerically in Tables 2 and 3 . The asymmetry parameter (rj) was evaluated from (qaa -qbb)lgcc where qaa, q&& and qcc are the two smaller and largest values of the electric field gradients respectively.
II (c) Nuclear quadrupole coupling constants (NQCC) . The traceless nature of the NQCC tensor clearly means that a change in one coupling parameter between two different molecules must imply a change in at least one other parameter in each molecule; thus there are difficulties in (say) discussion of the TT-coupling throughout the series of compounds, without reference to the corresponding a-term. Normally in NQR studies the convention is %zz> %yy> %xx, while in MW studies, with inertial axes a, b, c, the out-of-plane coupling is %cc. In the present work we wish to compare the observed and calculated values for the group of molecules 2-7 and include the corresponding NH series (1-3, X = NH) and the azines 9-12 which have been reported elsewhere. Clearly, a unified system of axes and terminology is desirable in any comparisons between the molecules. In all of the MW studies [8] [9] [10] [11] and calculations ( Fig. 1) , it is clear that one of the in-plane electric field gradient axes (q) lies close to the external bisector at the N atom; following our earlier [17] usage in relation to 2pff orbitals, it is convenient to refer to this axis as the radial axis (R) and the other (T-axis as the tangential axis (T). This close correlation between the calculated EFG axes (qR/qr) and R/T is shown in Fig. 1 , and is especially so in oxazole (3 a), thiazole (3 b) and N-4 for 1,2,4-thiadiazole (7 b) where ER and R are effectively identical. In the compounds with adjacent lone pairs (either N/N, N/O or N/S) both MW and calculations show (see below) that one axis (qR in Fig. 1 In order to obtain calculated NQCC from the calculated electric field gradients, we require a value for the 14 N atomic quadrupole moment ($N) where %u = eQ^qu. Various theoretical studies (for a review see [17] ) have led to values for QN in the range 0.021 to 0.0150 barn. We chose a recommended value [13] of 0.015 barn and sought a scaling parameter a in a Qu, such that the best fit with the experimental MW results was obtained (Figure 2) . The value of a was 1.122 yielding an optimised value for QN (i-E. «QN) of 0.0167 barn, very close to the best value obtained (0.0164 barn) from extended basis set calculations [18, 19] . The data in Table 5 incorporate this value for Q^, since it allows us to predict the numerical results for the two related compounds, 1,2,3-thiadiazole (6 b) and 1,2,4-thiadiazole (7) where the relatively massive S atom has so far precluded direct measurement in the microwave spectra [20, 21] .
Microwave spectra often only yield NQCC data in the inertial axis (a, b, c) system, and the offdiagonal element may not be readily extracted from the spectrum. 
In some instances 6ax can be obtained directly from the MW spectra, but this has not been the case with most of the present series. Some empirical methods have been used [8, 9] , and one of these is to find which angle (6ax) leads to optimal agreement with that obtained from the PA values from the NQR data or to use the calculated 6ax. [29] .
III. Experimental Methods
(a) Materials. The compounds were prepared by standard methods described previously [6] . (b) 1A N NQR Measurements. The spectra of the series of compounds 2a, 2b, 3b, 4a, 4b, 5a, 5b, 6b, were measured at 77 K using a Decca Radar NQR spectrometer. The observed frequencies v+ and v- (Table 4) were assigned, and the NQCC (e 2 Qqlh) and asymmetry parameter (rj) extracted using Eqs. (4) and (5) . The third resonance (ro) was usually too low or too weak to be observed. Only in the case of 1,2,3-thiadiazole (6b) did the failure to observe ro lead to ambiguity. All possible combinations of the four possible resonances were considered and the NQCC evaluated (Table 5) ; the preferred set is based upon (a) consideration of the relationship to other molecules of the series, (b) the set which gives best agreement with the calculations.
rj = 3 (v+ -v~)l(v+ + V-).
It is interesting to note that in several instances two pairs of resonances occur for v+ and v~ (cf. [9, 13] ); while in the case of 1,2,5-oxadiazole (5a) the lower frequency line (v~) is split, but the upper frequency is not observably split; a similar phenomenon has been reported for N-acetylpyrazole [22] . Both the phenomena are associated with two different crystalline sites in the unit cell of the compound concerned. The absence of the fourth resonance in the case of 5 a is then associated with accidental degeneracy, i.e. the two N atoms concerned do not have identical values for e 2 Qqjh and for rj. Whether these sites are on the same molecule or different molecules within the unit cell is unknown, but would be open to investigation by crystallographic analysis. In the following discussion, where pairs of frequencies were observed for a 14 N resonance, the average value was taken for subsequent calculations.
The principal axis quadrupole coupling constants (Xu, i = x, y, z) were evaluated from Eq. (6) where q = qzz>gyy>Qxx, and rj> 0. In the absence of single crystal data, the NQR experiments yield the relative magnitudes, but not the directions. In view of the high degree of agreement (see below) between the NQR, MW and calculated data, the latter in both magnitudes and directions, the NQR axes were then transposed so as to be consistent with these, and signs were chosen to yield agreement. In some instances where two coupling constants are nearly equal (e.g. 2a), it is clear that differences between the solid state and the gas phase could lead to a reversal of two axes; this does not have any effect upon the discussion where such small differences are unimportant.
Frequencies and energies (2a, b-5a, b; 6b; 7b) the present calculations yield lower energies than previous work (Table 1) , and the difference is large, particularly in the S-compounds. The differences between the energies with the two basis sets (sp/spd) is very small, as expected, and this enables us to ignore basis set effects in the electric field gradient and quadrupole coupling data discussed below. Thus the 3ds orbitals play no real part in the bonding of these molecules, and merely add variational flexibility to the calculations. There are some small systematic trends on the observed orbital energies and populations relative to our previous work and this is noted in Appendix 2. These (Table 3) are conventionally measured at the centre of mass, and in the case of the symmetric molecules the latter must lie along the symmetry axes (Figures 1 -10 ). Of greater interest therefore are the unsymmetrical systems (2a, b; 3a, b; 6b; 7b). In the mono-aza compounds (2, 3), the principal QM axes lie remarkably close to or parallel to the EFG axes; furthermore the QM axes are also close to the internal and external bisectors of the C-H bond directions, regarding the molecules as approximate pentagons. Thus in oxazole (3a) Qxx lies parallel to C2-H2 and bisects H5C5-C4H4. In the compounds with two unsymmetrical N-atoms (6 b, 7 b) the orientation of the QM axes is still largely related to the CH internal and external bisectors, here close to one N atom, but is rotated slightly owing presumably to the unsymmetrical siting of the other N atom. These considerations of the C-H bonds also apply to the relative magnitude of the QM components Qxx, Qyy; thus in the unsymmetrical molecules (2a, b; 3a, b), the principal magnitude of the QM lies on (or near to) the longest H,H distance (e.g. Qyy in thiazole 3b). In the symmetrical molecules (4a, b; 5a, b) the components Qxx and Qyy are numerically nearly equal (and opposite), a contrast with the unsymmetrical compounds (2 a, b; 3 a, b). There is no experimental data available for comparison.
(c) The Transition Frequencies. Strictly the EFG and NQCC are the most fundamental properties of the NQR experiment, but the difficulty of observing the very weak transitions makes a discussion of frequencies profitable. The data (Table 4) , with the X = NH compounds (lc, 2 c, 3c) included, show a number of trends for N2 and N3 with change in molecular structure. Thus while lies in a comparatively narrow range (2.7 ± 0.4 MHz), that for v+ is much larger (5.29 to 2.45 MHz). There appears to be a clear trend in v+ with electronegativity of the pair of adjacent ring atoms; thus for neighbours O and CH 5.30< v+<4.24, for neighbours N and CH 4.0< v+< 3.5, for neighbours N and S (6b only) v+ = 3.89, for neighbours CH and S or CH and CH 3.7 < i>+< 2.4 MHz. Put in another way, in the case of isomers, the 1,2-compounds (N-2) have higher values for v+ or for (v+ -V-) than the corresponding I,3-compounds (N-3). In contrast, comparison of pairs of compounds (2 a, b; 5 a, b) where a 5-CH group is replaced by 5-N again shows that v+ is more markedly affected than , but that the additional aza-group leads to a reduction in v+ for N-2. Whilst v-is little affected in pairs 2b and 6b or 3 b and 6b, in both cases v+ is raised in the thiadiazole (6 b) over the mono-aza compounds (2b, 3b).
Systematic studies of the variation of v± with temperature in 1,3,4-oxadiazole (4a) have shown [7] that both NQR frequencies drop by about 0.15 MHz on changing from 77 K to room temperature. Bearing this in mind, we can then use the MW values for the NQCC to obtain corresponding gas phase NQR v±. As expected there is a good correlation between the two sets (not shown), and a least squares fit over all values available for the present series yields VMW = 0.846VNQR + 0.743 MHz, with a standard deviation of 0.196 MHz. It will be noted that the intercept is responsible for the paradox that the low temperature NQR frequencies (Table 4) are numerically smaller than the "gas phase" ones, and yet the correlation slope is less than unity. From the above it seems clear that temperature effects cannot offer an explanation for these differences and that differences in N atom environment between the two phases must be responsible. where there is less data the order is 0>S. The NQR result for imidazole (3 c) is anomalous and this suggests that the wellknown H-bonding tendencies of these NH compounds [23] in the condensed state is partially equalising the populations; microwave data for this compound is awaited. Calculations. The summary of principal axis directions from MW and calculations is shown in Table 3 , while the magnitudes from all three methods [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] are shown in Table 5 . As noted above, the NQR directions were assigned to be consistent with MW and/or calculated data; in fact since the level of agreement between the numerical values (Table 5) is so good this assignment is likely to be correct. Only in the case of oxazole (3 a) have earlier calculated values been given [24] ; the present results are in much better agreement with the MW values, both in magnitudes and in the ordering IXRI > I XN I > I XT I • following discussion values quoted will normally be the experimental ones if available, with calculated in parentheses.
IV(e)(i) Principal Axis Directions. Only inertial axis data has so far been reported for 2 b, 5 a and 5 b (Table 5) ; thus whilst Xn is unchanged, the PA values for xr an d XT are required. However, in the Ü2v symmetry molecules, the inertial axes correspond to the symmetry axes and we have calculated the EFG and xa hi these axes as well as the PA. [12] have recently been extended [27] (calculated) ; the agreement is less satisfactory and further experimental work is being considered [27] .
By use of Eq. (3), the IA was converted to PA data for various angles dax for 2 b, 5 a and 5 b. For the oxadiazole, the angle (towards O) yielding good numerical agreement with the calculated and NQR value for xr an d XT is near 43°; here Eq. (3) is particularly sensitive to small changes in Qax\ the calculated angle between the IA and PA systems is 50.6° for 5 a. The corresponding study for 1,2,5-thiadiazole (5 b) yields 6ax = 25° (towards S) in good agreement with the calculated value (22°). The situation for isothiazole (2 b) is more complex since a complete structure has not yet been reported, and thus the exact direction of the IA is unknown. Stiefvater [27] obtained evidence for angles of 12.5° and ^ 16.5° between inertial axis and radial (R), and ER and R respectively. Use of the former with Eq. (3) suggests that rotation of the MW/IA data by 31° towards S is appropriate and this also gives good agreement with the NQR-PA values and the calculated data.
We now consider the PA directions as a function of molecular structure ( Figure 1, Table 3 ). In general the PA directions lie comparatively close to R and T, but where O, N or S is adjacent to the N-centre, the axis is rotated towards the other heteroatom by about 25, 10 and 10 degrees respectively. The agreement between the calculated values and those obtained from or estimated from MWdata is generally very satisfactory with the calculated values generally about 4° low.
These systematic trends can be utilised to give reliable information for the 1,2,3-and 1,2,4-thiadiazoles (6 b, 7 b) (Figure 1 ) where no experimental information is available. In the 1,2,3-case (6b) it seems probable that ER for N-3 is ~ 15° towards N-2 and this can be regarded as a normal value. However, N-2 is subject to LP interactions on either side, and the present calculations suggest that the SLP has a stronger influence than NLP, of N-2 with N-4 is probably very small, and this is consistent with pyrimidine (11) where the angle between ER and R is estimated at ~ 3° (towards the other N), with the value of %R largely as in pyridine [30, 31, 33] . The recent determination [35] of the final ring geometric parameters for pyridazine (10) , together with the earlier NQCC data [32] , yields an angle (towards the other N) of +9.7° for the ER/R separation. This can be compared with the values for 4a, 4b, 6 b. In the 1,3,4-cases (4a, 4b) the MW values are 16.0° (calc. 8.7°) and 12.0° (calc. 5.5°) respectively; these suggests a slightly stronger interaction between N and N in the 5-membered ring heterocycles (4 a, b); this can probably be ascribed to the lower (pentagonal) angle between the LPN.
IV(e)(ii) Variation of Magnitude in NQCC with
Structure. In agreement with the concept of a largely localised lone pair at nitrogen, the values of the XR do not vary markedly ( -5.4 to -4.0 MHz) across the series of compounds (1-7) ; none-the-less the absolute value is dependent upon the electronegativity of the adjacent centres, e.g. %R for 2a>2c>2b, and 5a>5b; in several instances the S atom relative to CH has a %R lowering effect e.g. in 6b \xs-s\ > Un-2| and 7b | > [36] suggests that XLT decreased in the compounds (CH2)reNH as n goes from 6 to 2, provided the assumption XhF = e 2 Qqzz applies (as is reasonable). Thus increasing ring strain and 2^n orbital bonding leads to a decrease in | XLT | and this is probably one of the factors in the higher value of \XR\ f°r pyridine (9) relative to 1-7, and 10 relative to 4a, 4 b, 6 b.
The largest variation in NQCC for the series 1 -7 occurs in XT (Table 5 ) with the highest value for isoxazole (5.37 MHz) and lowest for the 1,3-series of azoles where the nitrogen is flanked by CH (3a-c, all near 1.8 MHz). Thus all of the values are larger than that for pyridine (XT 1.43 MHz) which has similar neighbours. Direct comparison of the adjacent diaza compounds (4a, 4 b, 6 b) with pyridazine (XT 2.38 MHz) shows that the former groups are all numerically larger and with a fairly small variation in value, thus the decrease in ring size probably raises XT more than non-adjacent effects.
The wider range of XT than XR or Xn can be directly correlated with the polarity of the o--bonds to the N atom in question; there seems little doubt that most of the polarity in these molecules lies in the ff-rather than the ^-system, for example from the bond population dipoles of Ref. [17] and the discussion above. Thus XT lies closer to the axes of these than XR °r Xn> indeed in the N-0 and N-S compounds (2a, b; 5a, b) XT lies nearly along the N-O/N-S bonds.
The variation in the 7T-NQCC (xn) is quite large (Table 5 ) and is subject to the nature of the adjacent atoms; the trend is in the reverse direction to that for %R since adjacent atoms X lead to progressively larger coupling in the order X = (3<N<S<CH; in isoxazole (2 a) this leads to the extreme case of effectively zero 7r-coupling (Xn = 0.02 MHz); dilution of the effect of the oxygen atom as in 1,2,5-oxadiazole (5a) leads to a larger value for %n in 5a; both adjacent N and NH lead to similar effects on , but less than O (4a, 4b, 2c). It is of interest to compare the 2,5-diaza-compounds (5a, b) with pyrazine (12) since in the 5-membered rings the N/N interaction through-space will be similar to 11, while alternative through-bond routes involving 2 or 3 bonds are available. In both of 5 a, b, Xn is markedly less than in pyrazine (Xn 3.73 MHz, NQR value) which is particularly high in comparison with the other azines (9) (10) (11) . Finally, it is interesting to note that all of the Xn are positive in 1 -7, 9-12 and this contrasts with X% f°r the 1-position in the NH series (lc, 2c, 3c).
V. Conclusions
There is generally good agreement between the NQR, MW and ab initio values for the nuclear quadrupole coupling constants in both magnitude and direction; this allows the theoretical method to be used to predict values for compounds where either the NQR data is open to more than one assignment (e.g. 1,2,3-thiadiazole) or where the MW data does not readily yield values for the NQCC. In the case of nitrogen with an adjacent lone pair, the PA of the lone pair (XR) type is rotated towards the heteroatom in all cases, and this is expected to be true of all molecules. In the case of 1,2,3-thiadiazole where N-2 is flanked by S and N lone pairs, the former is the more dominant in its effect upon the EFG. 
